Radiative lifetime, polarization, and the global Stokes shift of colloidal CdSe quantum rods with aspect ratios from 1.9 to 3.8 are measured at room temperature. The radiative lifetime and the global Stokes shift show nonmonotonous dependence on the aspect ratio of the nanorods, and strong linear polarization in emission sharply appears as the aspect ratio crosses a turning point. The features of radiative lifetime and polarization versus aspect ratio in these nanorods indicate a transformation of the electronic structure from a zero-dimensional quantum-dot system to a one-dimensional quantum-wire system. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1529086͔ Nanometer-size semiconductor dots, rods, tubes, and wires exhibit electronic and optical properties that sensitively depend on both their sizes and shapes, and are both fundamentally and technologically interesting.
Nanometer-size semiconductor dots, rods, tubes, and wires exhibit electronic and optical properties that sensitively depend on both their sizes and shapes, and are both fundamentally and technologically interesting. [1] [2] [3] [4] [5] [6] [7] [8] One of the beststudied semiconductor nanocrystallites is a colloidal CdSe quantum nanostructure. 8 Its relatively reproducible and controllable synthetic chemistry and strong size-dependent optical properties have made it the subject of many detailed spectroscopic studies and allowed detailed comparisons between experiments and theories. Recently, it has been demonstrated that the shape of the colloidal CdSe nanocrystals can be manipulated from a nearly spherical morphology to a rodlike one by controlling the growth kinetics. 5 The quantum rod is an intermediate form between the zero-dimensional ͑0D͒ quantum dot and the one-dimensional ͑1D͒ quantum wire, and can be used to explore how the electronic structures evolve from a 0D quantum system to a 1D quantum system. 4, 6, 9 For example, an empirical pseudopotential calculation predicts that when a CdSe dot with a diameter of 3.8 nm is elongated, a crossover of the two highest occupied electronic states occurs at an aspect ratio of 1.36. 6 Singlemolecule spectroscopy measurements on CdSe rods confirmed a sharp transition from a nonpolarized to a linearly polarized emission at an aspect ratio of about 2, which is believed to be a consequence of such level crossover. 4, 6 Time-resolved spectroscopy is a powerful technique to probe energy relaxation and recombination dynamics in CdSe nanostructures. 7, 8 In this letter, we report our experimental study of the shape dependence of the time-resolved photoluminescence ͑PL͒ spectroscopy of CdSe nanorods. The measured radiative lifetime first decreases and then increases as the aspect ratio of the nanorods increases. The nonmonotonous change of the radiative lifetime indicates the occurrence of a transformation of the electronic structure of the nanorods with the increase of the aspect ratio. Manipulating the radiative lifetime of colloidal nanostructures may have potential applications in biophotonic sensors. 10 The colloidal CdSe quantum rods were synthesized by the injection of precursor molecules into a hot surfactant, which was described in detail elsewhere. 11, 12 Shape control of the nanorods was achieved by the manipulation of the growth kinetics to make the growth rate along the long axis at least 2 orders of magnitude faster than that along the short axis. Figure 1 shows the transmission electron microscopy ͑TEM͒ images of two of the used nanorod samples. The size distribution, as determined by measuring the TEM images of more than 500 particles for each sample, is less than 5% in diameter and less than 8% in length for each sample. The nanorods for our experiment have the aspect ratios from 1.9 to 3.8, with a similar short-axis dimension of around 4.5 nm. Absorption spectra were taken from these nanorods in toluene solution. The samples for PL and radiative lifetime measurements were prepared by spin coating a clean fused silica coverslip with a dilute solution of nanorods in toluene fol- lowed by a 1% by weight poly͑methylmethacrylate͒ ͑PMMA͒ solution. The average distance between nanorods within the PMMA film was larger than 50 nm, so the coupling interactions between rods can be neglected. 13 By using a pulsed-laser beam ͑wavelength of 400 nm, ϳ1 ps duration, 0.05 J per pulse, and 16.4 MHz repetition rate͒ as the excitation source, PL spectra were recorded by a liquidnitrogen-cooled charge coupled device mounted behind a monochromator, and the radiative lifetime was measured by a time-correlated photon-counting system with the time resolution down to 400 ps. The samples for polarization spectroscopy were spin coated with a much more dilute solution of nanorods, so the average distance between rods was larger than 1 m and the single-rod polarization spectroscopy was obtained by the far-field microscopic technique with a continuous wave Ar ϩ laser, as described in Ref. 4 . All the measurements were carried out at room temperature.
Both the absorption and PL spectra show redshifts as the aspect ratio is increased, and there is a difference between the first ultraviolet-visible absorption peak and the PL peak, as shown in the inset of Fig. 2 . The difference, which is defined as the global Stokes shift, 6 is caused by the fact that the absorption happens between many transitions, but the emission mainly occurs at the lowest-energy transition due to electron relaxation. The global Stokes shift exhibits a nonmonotonous feature for nanorods with different aspect ratios, as shown in Fig. 2 . The nonzero minimum value of 28 meV might be partly due to the existence of some absorption transitions involving surface states. By comparison, the global Stokes shift of spherical CdSe nanodots decreases monotonously with increasing size. Figure 2 also shows the polarization factor versus aspect ratio. The two samples with small aspect ratios show very low polarization (Ͻ5%), but the three samples with aspect ratios above 3 exhibit high linear polarization (ϳ90%). Although it is proposed that the intrinsic asymmetry of the wurtzite lattice structure 14, 15 and surface reconstruction 9 may make CdSe nanostructures exhibit some polarization, the sharp enhancement of the polarization around the aspect ratio of 3 indicates that other mechanisms must contribute to the polarization of the nanorods with large aspect ratios. Figure 3 shows a typical PL decay spectrum, which consists of two time-decay components with time constants of several nanoseconds and several tens of nanoseconds, respectively. The rapid decay component is dominant over the slow delay one in the first 30 ns. We believe that the dominant rapid decay component is from transitions between electronic bands, and the weak long time-decay component is from the processes involving electronic traps on the surface. 1, 8 One distinct feature of nanoparticles is the large surface-to-volume ratio. The dangling bonds and surface reconstruction process introduce many surface shallow traps. Research on spherical CdSe quantum dots has revealed that there are some resonances between the core states and the surface traps, and the radiative decay dynamics involving the surface traps is on a 100 ns time scale. Figure 3 shows that the long decay component is much weaker than the rapid decay one, indicating that the surface shallow traps are not the dominant factor in the CdSe nanorods used here. We believe that two factors suppressed the surface effect in this work. First, tributylphosphine and hexadecylamine were used as surface ligands to provide a good electronic passivation for the dangling bonds of some of the surface atoms, which obviously improved the PL quantum yield of the nanorods. Second, due to the formation of topological surface states, the surface localized states of nanorods might be different from that of nanodots. The surface reconstruction can introduce some topological surface states, which, although completely absent in the spherical geometry, are predicted to form near the surface of a quantum rod due to its surface curvature. 9 These states lie below the core states and the possibility of carrier transfer from the core states to such a class of surface states is not efficient because their respective ''⌰-localizations'' are different. 9 The inset of Fig. 3 shows the time constant of the rapid decay component of the nanorods with different aspect ratios, which is deduced from the double-exponential fit to the data. All the PL decays were obtained by monitoring at their respective PL peak wavelengths. Similar to the case of the global Stokes shift, the radiative lifetime also decreases at first and then increases as the aspect ratio increases, and the turning point also occurs around the aspect ratio of 3. Since the transition between electronic bands dominates the radiative decay dynamics, the turning feature shown in Fig. 3 indicates the occurrence of a transformation of the electronic structure of nanorods with the increase of the aspect ratio.
Qualitatively, photons emit from the bulk CdSe semiconductor when an electron at the conduction band ͑which originates from the Cd 5s orbit͒ is relaxed into valence band ͑which originates from the Se 4p orbit͒. Compared to the bulk band structures, nanoparticles have discrete electronic states with an effective band gap blueshifted from that of the bulk. In nanorods, the 4p x,y and 4p z components of valence states subject to different quantum confinements. The 4p z orbit has a greater momentum projected onto the long axis compared to the 4p x,y orbits and, thus, this orbit will have less confinement energy and become the highest valence state with the increase of the aspect ratio. An empirical pseudopotential calculation predicts a crossing over of the predominant p x,y levels and the predominant p z levels versus the aspect ratio, 6 which can explain well the nonmonotonous characteristics of the global Strokes shift shown in Fig. 2 . After the 4p z orbit becomes the highest valence state, the PL should exhibit complete polarization. The polarization is not complete for nanorods with an aspect ratio over 3 in our measurements, which is mainly due to the presence of radiation from surface localized states, although this kind of radiation is prohibited in an ideal system.
As the aspect ratio is increased for given same short axis, quantum confinement along the long axis will become weaker. Both turning points shown in Figs. 2 and 3 are nanorods with a long axis of about 10-12 nm, which is consistent with the CdSe exciton Bohr diameter of ϳ11.2 nm. The decrease in luminescent decay time as the aspect ratio increases for small aspect ratios is the property of a 0D quantum structure, 8 whereas the increase in luminescent decay time as the aspect ratio increases for larger aspect ratios is more consistent with the asymmetric 1D quantum structures. For a small aspect ratio, the rods behave more like quantum dots.
Theoretical calculation 16 and experimental measurement 8 on spherical quantum dots have shown that the radiative lifetime decreases with the increasing size of quantum dots. For a large aspect ratio, the lowest conduction state is s like, and the highest valence state is 4p z , the overlap between these two states decreases as the aspect ratio increases, which will result in less transition probability and, thus, longer lifetime. Therefore, the observed nonmonotonous feature in luminescence decay time gives an indication that a transformation of electronic structures from a 0D to an 1D quantum system occurs when the long axis of the rods exceeds the Bohr diameter of the system. In summary, we have measured the radiative lifetimes, polarization, and the global Stokes shifts of quantum rods with aspect ratios from 1.9 to 3.8. Our observations demonstrate that the topology of quantum rods plays important roles in the electronic structure and luminescence dynamics. Our experimental study on the luminescence decay time provides evidence for the transformation of electronic structures from a 0D to a 1D quantum system, which is one of the most fundamental properties in low-dimensional semiconductor physics, especially at nanoscale. We hope that our experimental results will stimulate more theoretical calculations on the dynamic properties of the nanostructures in this 0D to 1D region. Understanding electronic and optical properties of nanostructures at this quasi-1D region can result in interesting applications in optoelectronic devices and biophotonic sensors.
